Atom-resolved microstructure variations and deactivation effects on the commercial NiMo/γ-Al 2 O 3 catalysts were revealed by aberration-corrected scanning transmission electron microscope (Cs-STEM) equipped with enhanced energy dispersive X-ray spectroscopy (EDS). Structural information parallel to and vertical to the electron beam provides definitive insight toward an understanding of structure-activity relations. Under the mild to harsher reaction conditions, "fragment" structures (like metal single atoms, metal clusters, and nanoparticles) of commercial NiMo/γ-Al 2 O 3 catalysts, gradually reduces, while MoS 2 nanoslabs get longer and thinner. Such a result about active slabs leads to the reduction in the number of active sites, resulting in a significant decrease in activity. Likewise, the average atomic ratio of promoter Ni and Ni/(Mo + S) ratio of slabs decrease from 2.53% to 0.45% and from 0.0788 to 0.0326, respectively, by means of EDS under the same conditions stated above, reflecting the weakening of the promotional effect. XPS result confirms the existence of Ni x S y species in deactivated catalysts. This could be ascribed to the Ni segregation from active phase. Furthermore, statistical data give realistic coke behaviors associated with the active metals. With catalytic activity decreasing, the coke on the active metals regions tends to increase faster than that on the support regions. This highlights that the commercial NiMo/γ-Al 2 O 3 catalyst during catalysis is prone to produce more coke on the active metal areas.
Introduction
Recently, the aberration-corrected scanning transmission electron microscope (Cs-STEM) has attracted continuing interest due to its atomic-scale features [1] [2] [3] [4] [5] . The detection mode of the Cs-STEM high-angle annular dark-field (Cs-STEM-HAADF) has been proven to be extremely valuable for characterizing supported catalysts since catalytic reactions are extremely sensitive to structures. The Cs-STEM-HAADF mode, in which it could chemically discriminate between elements by a scattering angle that scales with atomic number (~Z 1.7 ) [6] , is favorable for observing the metal element deposited on the support with lower Z. For example, individual single atoms and metal clusters/nanoparticles are directly imaged, and the crystal structures of the support are also clearly revealed simultaneously in Pt/γ-Al 2 O 3 , Pt/carbon, and Pd/ZnO catalysts [7] . More recently, Helveg et al. [8] investigated the MoS 2 active phase on graphite in supported hydrotreating catalysts and successfully observed the lateral single-layer image of MoS 2 slab, giving a basis for further study on the structure-dependent catalytic activity for hydrotreating catalysts.
For many earlier studies, the atomic scale structure of active phase on supported hydrotreating catalysts was investigated by scanning tunneling microscopy (STM) [2, [9] [10] [11] [12] ; in this case, gold or graphite is often used as a support of the sulfide active phase structures since a weakly interaction exists between them. However, in industrial applications, γ-Al 2 O 3 with a large specific surface area and abundant porosity is often used as the support to provide reaction channels and improve the dispersion of active components. The difficulty for many years is to understand in detail the structure-dependent catalytic activity of Al 2 O 3 -supported catalysts since direct atom-resolved insight was not previously available. However, the Cs-STEM-HAADF mode has opened up the possibility of studying commercial γ-Al 2 O 3 supported catalysts with atomic-level resolution and sensitivity. Importantly, the smaller probe of Cs-STEM makes it possible to roundly delve the relationship of active phase with respect to their surface structures. Previous studies have shown that the size of the MoS 2 /WS 2 slabs and stacks in hydroprocessing catalysts would be changed under the reaction conditions by the TEM technique [13] [14] [15] [16] , and small size MoS 2 may have a better catalytic activity [17] . It is, therefore, still a striking work to exactly track the microstructure variations of NiMo/Al 2 O 3 catalyst during catalysis by the Cs-STEM-HAADF mode.
On the other hand, catalyst deactivation is a serious problem during catalytic reaction. It is generally accepted that the variation of active phase structure and the coke deposition are the main reasons leading to catalyst deactivation. Eijsbouts et al. [13] pointed that the formation of Ni 3 S 2 takes place in deactivated NiMo/Al 2 O 3 by high resolution TEM, which lowers the catalytic activity. However, a similar phenomenon is not as well understood for direct detection variation in Ni content of the active slabs during catalysis. Beyond that, taking into account the coke deposition, numerous studies have been devoted to elucidating the coking location and coking mechanism in hydrotreating catalysts [18] [19] [20] [21] [22] [23] . The two points of coke deposition have been the subject of much controversy so far. Thus, it is necessary to investigate the deactivation effects on commercial NiMo/γ-Al 2 O 3 catalysts in order to get a clean result to optimize the preparation condition as well to prolong on-stream efficiency which improves the overall process economics. Then, it is not surprising given the designed commercial NiMo/γ-Al 2 O 3 catalysts under different treatment to elucidate the deactivation effects in this work.
The designed strategy used here is to reproduce catalyst deactivation of industrial application in laboratory as much as possible through controlling the unit operating temperature and the quality of feedstock due to typical commercial hydrotreating catalysts having a lifetime of 2-4 years in industrial applications. It has been previously shown that catalysts in laboratory could accelerate deactivation during relatively short periods at a higher unit operating temperature and by using more inferior feedstock [24] [25] [26] [27] . Herein, the scope of the current work involves the following three aspects: (i) characterizing the atomic-resolution structure of the commercial NiMo/γ-Al 2 O 3 catalyst by the Cs-STEM-HAADF mode; (ii) investigating the structural variations with the decreasing of catalytic activity; and (iii) investigating the deactivation effects from the aspects of the Ni promotional effect and coke deposition.
Results and Discussion

Atomic-Resolution Microstructure
The Cs-STEM-HAADF mode was used to analyze the 2D microstructures of commercial NiMo/γ-Al 2 O 3 catalyst. Figure 1 shows the atomic-scale structure of the fresh sulfide catalyst (Cat A). It is clearly seen that the active phase slabs are perpendicular to the electron beam. Such a distinctive microstructure is rarely visualized by the conventional TEM mode, though it has been predicted in hydrotreating catalysts [3, 9, 28] . The interatomic spacing of Mo-Mo as revealed by the Catalysts 2019, 9, 810 3 of 11 line profile (see the inset of Figure 1 ) is 2.60 Å, which is slightly smaller than the Mo-Mo interatomic distance (2.70 Å) of unsupported MoS 2 catalysts [29] . This can be attributed to the unevenness of γ-Al 2 O 3 . Furthermore, the observed slab shape is a roughly truncated triangle shape, highlighting the effect of the addition of Ni promoter. Precisely, most active slabs are irregular due to the curl and a lot of defects are not the ones observed previously by STM for MoS 2 supported on a thin graphite sheet or Au(111) [9, 30] . The shape heterogeneity of slabs is intrinsically linked to the complexity of γ-Al 2 O 3 in the commercial catalysts and catalyst preparation method used here.
The Cs-STEM-HAADF mode was used to analyze the 2D microstructures of commercial NiMo/γ-Al2O3 catalyst. Figure 1 shows the atomic-scale structure of the fresh sulfide catalyst (Cat A). It is clearly seen that the active phase slabs are perpendicular to the electron beam. Such a distinctive microstructure is rarely visualized by the conventional TEM mode, though it has been predicted in hydrotreating catalysts [3, 9, 28] . The interatomic spacing of Mo-Mo as revealed by the line profile (see the inset of Figure 1 ) is 2.60 Å, which is slightly smaller than the Mo-Mo interatomic distance (2.70 Å) of unsupported MoS2 catalysts [29] . This can be attributed to the unevenness of γ-Al2O3. Furthermore, the observed slab shape is a roughly truncated triangle shape, highlighting the effect of the addition of Ni promoter. Precisely, most active slabs are irregular due to the curl and a lot of defects are not the ones observed previously by STM for MoS2 supported on a thin graphite sheet or Au(111) [9, 30] . The shape heterogeneity of slabs is intrinsically linked to the complexity of γ-Al2O3 in the commercial catalysts and catalyst preparation method used here. A more detailed analysis of the image shows some "fragment" structures, which also could not be detected by the conventional TEM mode. Here, the "fragment" structures are divided into three genres. We define the nanoparticles with a diameter between 0.5 and 2.0 nm that are relatively stable but have not yet formed a relatively regular active phase structures, shown as hexagons in Figure 1 . Atoms in the rectangle of Figure 1 with a size less than 0.5 nm are called metal clusters. Metal single atoms are pointed by the red circle in Figure 1 . Compared to the Ni(Co)-Mo-S mode proposed by Topsøe [3, 9, 28] , the observed striking atomic-scale structures in commercial NiMo/γ-Al2O3 catalysts may provide an insight into the correlation between catalytic activity and microstructure.
Structural Variations with the Decreasing of Catalytic Activity
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Given that the catalytic activity is sensitive to microstructures, thus, the atomic-scale structures of the four commercial NiMo/γ-Al 2 O 3 catalysts were characterized using the Cs-STEM-HAADF mode, which is shown in Figure 2 . More precisely, before the characterization, the catalytic activity was evaluated. The expected activity information was acquired in Table 1 . In Figure 2a , Cat A presents the typical multilayered slabs active phase structure and the "fragment" structures. The average size of slabs (L) of Cat A has been measured to be 3.91 nm by an average of 206 slabs (see Table S1 in the Supplementary material) from several HAADF images. A similar inspection of Cat B was performed, as illustrated in Figure 2b . The observed structures are in analogy with Cat A, and the length L (4.19 nm) of Cat B also approximates to the one of Cat A, inferring a mild reaction condition that has no significant impact on catalytic microstructures. However, in the case of Cat C (see Figure 2c ), Catalysts 2019, 9, 810 4 of 11 differences in morphologies were mapped. Looking more broadly across Figure 2c , it is evident that fewer "fragment" structures and larger multilayered (L = 5.20 nm) or monolayer active phase structures have been detected on the alumina support. The variations are linked to the growth of slabs under harsh conditions. Of particular interest is more and more monolayer slabs with a strong increase in the size (L = 6.03 nm) that exist on the alumina support under harsher conditions, as shown in Figure 2d and Table S1 , highlighting that the monolayer structures are unfavorable to raise the activity of the NiMo/γ-Al 2 O 3 catalyst. This is inconsistent with the opinion reported by Topsøe et al. [31] , who used multiple spectral studies to illustrate the strong interactions between the monolayer and high-surface area alumina via Mo-O-Al linkages located at the edges, thus leading to low catalytic activity. From the above, the change trends of the size of MoS 2 slabs and stacks for commercial NiMo/γ-Al 2 O 3 catalyst using the Cs-STEM-HAADF mode are in analogy with previous works by TEM [13] [14] [15] [16] , while the observed difference is the variation of "fragment" structures once the catalyst was exposed to harsher reaction conditions from the mild one in this work, which may be partial resource for the larger slabs in Cat C and Cat D. In general, the distinction in overall microstructure variations for the four catalysts is presumably a reflection of the differences in catalytic activity of the NiMo/γ-Al 2 O 3 catalyst.
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Cat Note that a precise analysis of the identification of Ni by imaging in the active slabs is not possible in our case owing to complexity of γ-Al2O3. In order to explore the variations of promoter Ni under the mild to harsher reaction conditions, the enhanced energy dispersive X-ray spectroscopy (EDS) was performed on the target specific areas of interest, which could provide the precise and reliable chemical information for the NiMo/γ-Al2O3 catalyst. Figure 3 shows an STEM-HAADF image and corresponding selected area for Cat A to evaluate the stoichiometric changes of promoter Ni as a function of different catalysts. Boxed regions in Figure 3a have been classified into two types, including regions of active metals (Type I) and regions of support (Type II). The corresponding typical EDS spectra of the two district types are shown in Figure 3b ,c, respectively. Similar investigation approaches are also carried out for other three catalysts, which are presented in Figures S1-S3 . Based on the EDS results, the mean atomic ratio of Ni on Type I regions in Cat A was calculated to be 2.53%, as shown in Table 2 . After mild reaction there appears to be only a slightly decrease in the mean Ni atomic ratio, which further drops down with the deactivation of the catalyst. The line profile (Figure 4a ) intuitively shows the variation of Ni atomic ratio. Accordingly, one can also note the same variation in the ratio of Ni/Mo+S during the catalyst use. This illustrates the weakness of promotional effect from the fresh NiMo/γ-Al2O3 catalyst to the deactivated ones, as schematically shown in Figure 4b . The above results provide a visualized and reliable understanding about the deactivation behavior by means of STEM-HAADF and EDS. Of particular interest is that in Cat C and Cat D, the Ni element was detected in some nanoparticles by EDS. We speculate that the promoter Ni exists as NixSy crystals after segregation from the active phase. For hydrotreating catalysts, the X-ray photoelectron spectroscopy (XPS) technique has been among the tools most often used to obtain chemical states information on the promoter atoms in hydrotreating catalysts [32] [33] [34] [35] . Therefore, XPS was performed for the catalysts in order to verify our speculation. From the detailed analysis of Ni 2p XPS spectra, different Ni species could be distinguished. For Cat A and Cat B, there is no signal of nickel sulfide (see Figure  S4 ). However, from Figure 5 , NixSy exhibits a distinct peak at 853.6 eV in deactivated catalysts (Cat C and Cat D), which is about 1.0 eV lower than that of Ni-Mo-S. Such a result has given a definite evidence for the presence of NixSy in deactivated catalysts. Of particular interest is that in Cat C and Cat D, the Ni element was detected in some nanoparticles by EDS. We speculate that the promoter Ni exists as Ni x S y crystals after segregation from the active phase. For hydrotreating catalysts, the X-ray photoelectron spectroscopy (XPS) technique has been among the tools most often used to obtain chemical states information on the promoter atoms in hydrotreating catalysts [32] [33] [34] [35] . Therefore, XPS was performed for the catalysts in order to verify our speculation. From the detailed analysis of Ni 2p XPS spectra, different Ni species could be distinguished. For Cat A and Cat B, there is no signal of nickel sulfide (see Figure S4 ). However, from Figure 5 , Ni x S y exhibits a distinct peak at 853.6 eV in deactivated catalysts (Cat C and Cat D), which is about 1.0 eV lower than that of Ni-Mo-S. Such a result has given a definite evidence for the presence of Ni x S y in deactivated catalysts. Of particular interest is that in Cat C and Cat D, the Ni element was detected in some nanoparticles by EDS. We speculate that the promoter Ni exists as NixSy crystals after segregation from the active phase. For hydrotreating catalysts, the X-ray photoelectron spectroscopy (XPS) technique has been among the tools most often used to obtain chemical states information on the promoter atoms in hydrotreating catalysts [32] [33] [34] [35] . Therefore, XPS was performed for the catalysts in order to verify our speculation. From the detailed analysis of Ni 2p XPS spectra, different Ni species could be distinguished. For Cat A and Cat B, there is no signal of nickel sulfide (see Figure  S4 ). However, from Figure 5 , NixSy exhibits a distinct peak at 853.6 eV in deactivated catalysts (Cat C and Cat D), which is about 1.0 eV lower than that of Ni-Mo-S. Such a result has given a definite evidence for the presence of NixSy in deactivated catalysts. 
Coke Deposition
Coke deposition on hydrotreating catalysts is also one of the main reasons of deactivation. To understand the variation behaviors of coke on the NiMo/γ-Al 2 O 3 catalyst in the process of using, EDS spectra were collected for multiple individual boxed regions in terms of two types, as shown in Figure 3a . Active metals' dependence on coke and support dependence of coke were investigated, as depicted in Figure 6a ,b. It can be seen that the coke deposition was closely correlated to the regional difference. On the Type I regions, the average atomic ratio of carbon on these four catalysts was 1.99%, 7.10%, 18.35%, and 37.13%, respectively, which illustrates that the lower the catalytic activity is, the more coke (carbon) is formed. Further, the values of carbon atomic ratio on the deactivated catalysts (Cat C and Cat D) are much higher than that on the fresh one (Cat A). In addition, we can also notice that the trend of coke deposition on Type II regions is consistent with the one on Type I regions. Their average contents of coke for Cat A, Cat B, Cat C, and Cat D were 1.98%, 2.04%, 4.61%, and 13.92%, respectively (see Figure 6b ). The above result also directly corroborates the fact that coke is an important factor leading to the reduction of catalyst activity.
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Materials and Methods
Catalyst Preparations
The catalyst used was a commercial NiMo/γ-Al 2 O 3 , with 4.0 wt.% of NiO and 22.0 wt.% of MoO 3 . Prior to being used, the catalyst was sulfided in kerosene containing 2.0 wt.% of dimethyldisulfide (DMDS) at 6.4 MPa, 593 K for 48 h, and the resulting fresh sulfide sample was denoted as Cat A. Then, Cat A was treated in a straight-run gas oil (SRGO, S: 1.13%, N: 102 ppm) at 6.4 MPa, 613 K for 48 h to obtain the second sample denoted as Cat B. Afterwards, Cat B was treated by two accelerated deactivation treatments successively, that is, first using SRGO blending with 50.0 wt.% fluid catalytic cracker light cycle oil (LCO) as the feedstock at 3.2 MPa, 643 K for 144 h, and then using 100% LCO (S: 1.13%, N: 703 ppm) as the feedstock at 3.2 MPa, 668 K for 144 h. The corresponding prepared samples were denoted as Cat C and Cat D. From Cat B to Cat D, by increasing the unit operating temperature and using more inferior feedstock, the activity and the microstructure of the catalyst would undergo an obvious change, thus facilitating rational study of the microstructure and deactivation effects on commercial NiMo/γ-Al 2 O 3 catalyst through Cs-STEM.
Catalytic Activity Evaluation
The catalytic activity tests of the above four catalysts were carried out in a continuous flow fixed-bed reactor under a pressure of 6.4 MPa with a temperature of 613 K. The specific reaction conditions were the catalyst loading of 20 mL, SRGO (S: 1.13%, N: 102 ppm) as the feed, the feed flow rate of 40 mL/h, and the hydrogen flow rate of 12 L/h. The sulfur content and nitrogen content of liquid effluents were analyzed until a target research steady-state was achieved. Finally, the hydrodesulfurization (HDS) activity and hydrodenitrogenation (HDN) activity of the catalysts were calculated as follows: where N feed and N product denote the nitrogen content in the feed and products, respectively.
Catalyst Characterizations
The Cs-STEM-HAADF technique provides unparalleled structure information at an atomic scale for γ-Al 2 O 3 supported catalyst. The catalytic specimens were prepared by depositing drops of cyclohexane suspensions on 200 mesh holey carbon Nylon grids for images and chemical analysis. Deposited grids were then inserted into the sample chamber of electron microscope equipped with a probe-corrector (JEOL, Tokyo, Japan, ARM200F). For the Cs-STEM characterization, the specimens were analyzed at 200 kV. The probe size used for acquiring the HAADF image was 8C. The condenser lens (CL) aperture sizes were 150 µm (CL 1 ) and 40 µm (CL 2 ). The camera length used in the HAADF mode was 8 cm. EDS analysis of the selected area was performed by a windowless silicon drift detector (SDD), which can boost the collection efficiency of light element (i.e., C, N, O, etc.) detection. On this occasion, the probe size was 5C. In order to select areas precisely, spectra were collected at 6M magnification. The collection times were sustained below 20 s to avoid electron beam damage. XPS spectra (Thermo Fischer, Waltham, MA, USA, -VG ESCALAB 250) were acquired using a 150 W monochromatic Al Ka source to characterize Ni species. The Al 2p peak at 74.7 eV from the support Al 2 O 3 was used as the reference. To precisely provide the information about Ni species, a narrow scan was performed with a pass energy of 30 eV to obtain high-resolution spectra. The obtained XPS spectra were fitted using Avantage 5.952 software provided by Thermo Fisher-VG Corporation.
Conclusions
In summary, the aberration-corrected STEM-HAADF technique was successfully employed to explore the structure variations with corresponding catalytic activity. The "fragment" structures, such as metal single atoms, metal clusters and nanoparticles, in sulfuring Cat A could be clearly observed, which cannot be obtained using conventional TEM. These "fragment" structures are gradually reduced during catalytic reaction. Meanwhile, the active slabs get larger and thinner. Such a result leads to a reduction in the number of active sites, thereby leading to a significant reduction in activity. From the aspect of the promotional effect, the extents of the average atomic ratio of Ni and Ni/(Mo + S) ratio of slabs decrease from fresh sulfide to a deactivated state, denoting weakening of the promotional effect in catalytic reaction. The stripped Ni has been confirmed to exist in terms of Ni x S y species in the deactivated catalyst by the XPS technique. On the other hand, the extent of coke deposition on the active phase regions and support regions has been found to increase with the decrease in catalytic activity through the EDS statistical data. However, the coke on the active metals regions tends to increase faster than that in the support regions. This highlights that the commercial NiMo/γ-Al 2 O 3 catalyst during catalysis is prone to produce more cokes on the active metal areas. Our investigation in commercial hydrotreating catalysts reveals that the microstructure effect and promotional effect, as well as the coke deposition are all dependent on the catalytic states, which will be greatly helpful for the optimal use of the catalysts and exploration of catalytic mechanism.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/810/ s1, Table S1 : The average slabs length (L) and average stacking degree (N) of four NiMo/γ-Al 2 O 3 catalysts. Figures S1-S3: District types on STEM-HAADF images of Cat B, Cat C, and Cat D, and corresponding EDS spectra, respectively. Figure S4 : Peak-fitting of Ni 2p XPS spectra of Cat A. 
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